Introduction
============

Diabetes mellitus (DM) is a group of metabolic disorders which characterized by high glucose levels due to insufficiency in production or action of insulin \[[@B1]\]. Animal models of DM are currently used in researches such as feeding of high energy diet in sand rats (*Psammomys obesus*) as a model for type 2 DM and treatment with streptozotocin (STZ) which represents the well-established model of type 1 DM \[[@B2][@B3]\].

DM is associated with metabolic and haemodynamic stresses which induce alterations to DNA, proteins, lipids, cellular damage and stimulate inflammatory and fibrotic responses leading to various types of renal injury \[[@B4]\]. Gestational diabetes mellitus (GDM) is one of the most common medical complications of pregnancy. It is defined as "any grade of glucose intolerance with beginning or first recognition during pregnancy" \[[@B5]\]. Babies born to women with elevated blood glucose levels are at greater risk of foetal abnormalities \[[@B6]\].

Organogenesis may be significantly affected when diabetes starts at an early phase of pregnancy \[[@B7]\]. Human renal development occurs at fifth week of gestation while in rats it starts at the 12th day of gestation \[[@B8]\]. Hyperglycemia *in utero* impairs renal development and cause renal anomalies. Since GDM is characterized by insulin resistance (IR) and relatively decreased insulin secretion, a treatment with non-insulin antihyperglycemic agents could be of a potential interest. The main concern of using non-insulin antihyperglycemic agents in pregnancy is congenital anomalies and fetal hypoglycemia \[[@B9]\].

Metformin (dimethyl-biguanide) is an insulin-sensitizing agent that lowers fasting plasma glucose concentration by increasing the peripheral uptake of glucose and decreasing hepatic glucose output \[[@B10]\]. Metformin eliminates the symptoms of DM and located at category B drug indicating that it has no evidence of teratogenicity \[[@B11]\]. Treatment of GDM with metformin decreased the rates of spontaneous abortion, induced normal growth and development of the offspring and favorable pregnancy outcomes \[[@B12]\]. Some authors reported that half of patients with GDM who were initially treated with metformin needed insulin in order to achieve acceptable glucose control \[[@B13]\]. Metformin has antioxidant properties that protect the body against insulin mediated oxidative damage and stress \[[@B14]\]. Therefore, this study was conducted to assess the effect of insulin and metformin on the development of 20 days fetal kidneys of STZ-induced gestational diabetic albino rats.

Materials and Methods
=====================

Chemicals and drugs
-------------------

STZ obtained from Sigma-Aldrich (St. Louis, MO, USA). Insulin (Lantus 100 U/ml) obtained from SANOFI Aventis (Cairo, Egypt) and metformin was obtained from Holdipharma (Cairo, Egypt).

Animals
-------

Sixty virgin females and 10 males Sprague-Dawley albino rats (weighting 150--200 g and aged 10--12 weeks) were obtained from animal house of Faculty of Veterinary Medicine, Suez Canal University, Ismailia, Egypt and used throughout the study. All animals were left in the animal house of the Department of Human Anatomy and Embryology, Faculty of Medicine, Suez Canal University for 2 weeks for acclimatization. They were housed in spacious wire mesh cages in a good ventilated room 12-hour light/dark cycle and received water and food ad libitum. Mating was carried out by introducing one male into a cage with two female rats and left them overnight. vaginal smears were taken in the following morning and pregnancy verified by the presence of spermatozoa which indicated the first day of gestation (GD1) \[[@B15]\].

Experimental design
-------------------

Once pregnancy was confirmed, animals were randomly assigned to six groups: (1) control group (C), (2) metformin-treated group (M), (3) diabetic group (D), (4) diabetic plus insulin-treated group (D+I), (5) diabetic plus metformin-treated group (D+M), and (6) diabetic plus insulin and metformin-treated group (D+I+M). Each group consisted of 10 pregnant female rats.

Induction of DM
---------------

Single intraperitoneal injection of STZ (35 mg/kg body weight) on the seventh day of gestation in groups 3, 4, 5, and 6. Blood glucose level was measured daily through tail vein 3 days after STZ injection. Rats with blood glucose levels exceeding 200 mg/dl were considered as diabetic \[[@B16]\].

Animal treatment
----------------

\- Control group (C): pregnant rats with blood glucose level less than 200 mg/dl was divided into two subgroups: positive control (C+ve), animals received single dose of citrate buffer (pH 4.5) 0.2 ml/100 g body weight intraperitoneally; negative control (C−ve), animals didn\'t receive any treatment.

\- Metformin-treated group (M): pregnant non-diabetic rats received intra-gastric metformin (250 mg/kg body weight) daily \[[@B17]\].

\- Diabetic group (D): pregnant diabetic rats with glucose level more than 200 mg/dl.

Diabetic plus insulin-treated group (D+I): pregnant diabetic rats received insulin 14 IU/kg daily \[[@B18]\].

\- Diabetic plus metformin-treated group (D+M): pregnant diabetic rats received intra-gastric metformin (250 mg/kg body weight) daily.

\- Diabetic plus insulin and metformin-treated group (D+I+M): pregnant diabetic rats received insulin (7 IU/kg body weight daily) and metformin (125 mg/kg body weight daily).

Insulin and metformin were given to pregnant rats from the 11th day to 20th day of gestation.

Experimental evaluation
-----------------------

Random blood sugar level was measured and recorded for all pregnant rats from the beginning to the end of the experiment. The pregnant rats were euthanized and sacrificed on the 20th day of gestation by cervical dislocation. Fetuses were obtained by caesarian section. The numbers of live, dead fetuses and metrial glands were recorded. Fetuses were weighted, euthanized and sacrificed by decapitation and kidneys were collected. Placental weight was also measured. Fetal kidneys width and length were measured with micrometer in the eyepiece of the dissecting microscope \[[@B19]\].

Histological assessment of fetal kidneys
----------------------------------------

### Light microscopic assessment

Right kidneys were collected and prepared for light microscopic examination. They were fixed in 4% paraformaldehyde and then embedded in paraffin blocks. Transverse sections 4 µm thickness were cut and stained using hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) stains \[[@B20]\].

### Morphometric assessment

In H&E stained sections of the fetal kidneys the following parameters were measured:

Cortical thickness was measured at a magnification of ×100.Diameter of glomeruli, renal corpuscle, Proximal and distal tubule were measured at the magnification of ×400.Glomerular maturation: number of mature and immature glomeruli was counted in at magnification of ×400.

Morphometric parameters were measured by micrometre lens in the eyepiece of Olympus light microscope (Tokyo, Japan). Five fields from five serial sections in each kidney were used \[[@B21]\].

### Electron microscopic assessment

Left kidneys were divided into small pieces, fixed in buffered glutaraldehyde 2.5% for two hours and fixed in 1% osmic tetroxide. After dehydration in ascending grades of cold ethanol and propylene oxide, the specimens were embedded in Spurr\'s resin. Semithin sections stained with toluidine blue were examined by light microscope. Ultrathin sections were cut using MT 600-XL RMC ultra-tome (Tokyo, Japan) and stained with uranyl acetate and lead citrate and examined with JEOL-1010 (Tokyo, Japan) transmission electron microscope, at the regional centre of mycology and biotechnology transmitting electron unit, Alazhar University, Cairo, Egypt.

Statistical analysis
--------------------

Results were analysed using the SPSS ver. 21 (IBM Corp., Armonk, NY, USA). Differences between groups were tested using one-way analysis of variance (ANOVA) and chi square tests. Probability values (*P*) less than 0.05 were considered statistically significant.

Ethical consideration
---------------------

All authors declare that all experiments had performed under the ethical standards and approved by an animal use and care committee of Suez Canal University and we have respected the ethical principles underpinning the research.

Results
=======

Random blood sugar level
------------------------

Random blood sugar (RBS) levels were within normal range in all rats of all studied groups at the beginning of pregnancy (GD1). Control (C−ve and C+ve) and M-treated groups showed normal levels of RBS throughout gestation. Diabetic groups (D, D+I, D+M, and D+I+M) showed an increase in RBS level after the induction of diabetes until GD10, whereas D group only continued the increase in RBS level until GD20. Others diabetic treated rats (D+I, D+M, and D+I+M) showed a decrease in the hyperglycaemia after the initiation of treatment with insulin and metformin (from GD10 to GD20) with more decrease in D+I and D+I+M treated group than the levels of D+M treated group. The best and closest value of RBS to the control in the day of scarification (GD20) was in the D+I+M treated group ([Fig. 1](#F1){ref-type="fig"}).

Embryolethality
---------------

The post-implantation resorptions were significantly increased in D, D+I, D+M, and D+I+M treated groups when compared to both control and metformin groups ([Table 1](#T1){ref-type="table"}). Moreover, D+I, D+M, and D+I+M treated groups revealed a significant decrease in post-implantation resorptions compared to diabetic group with more decrease in D+I+M treated group. Furthermore, D+I and D+I+M treated groups showed a significant decrease in resorption compared to D+M treated group ([Table 1](#T1){ref-type="table"}).

Foetal body and placental weights
---------------------------------

All foetuses of D, D+I, D+M, and D+I+M treated groups showed a significant increase in foetal body weight and placental weight compared to control and metformin treated groups. Moreover, D+I, D+M, and D+I+M treated groups showed a significant decrease in fetal and placental weights compared to D group. Furthermore, D+I+M treated group showed a significant decrease in fetal and placental weights compared to D+M and D+I treated groups ([Table 2](#T2){ref-type="table"}).

Gross morphological results of fetal kidneys
--------------------------------------------

Both length and width of fetal kidneys were significantly increased in D, D+I, and D+M treated groups compared to control and M treated groups. Moreover, D+I and D+I+M treated groups showed a significant decrease in fetal kidney length and width compared to D group. Furthermore, D+I+M treated group revealed a significant decrease in fetal kidney growth parameters compared to D+I and D+M treated groups and close to the values of control and M treated group ([Table 3](#T3){ref-type="table"}).

Morphometric results of foetal kidneys
--------------------------------------

Diabetic, D+I and D+M treated groups showed significant increase in the cortical thickness, corpuscular diameter, and tubular diameter (proximal convoluted tubule and distal convoluted tubule) of foetal kidneys and significant decrease in the glomerular diameter compared to control and M treated groups. Moreover, D+I, D+M, and D+I+M treated groups revealed significant decrease in cortical thickness, corpuscular diameter and tubular diameter of foetal kidneys and significant increase in glomerular diameter compared to diabetic group. Furthermore, D+I+M treated followed by D+I treated groups revealed significant improvement in these parameters compared to D+M treated group ([Table 4](#T4){ref-type="table"}).

Glomerular maturation
---------------------

The number of total and cortical immature glomeruli was significantly increased in diabetic and D+M treated groups compared to other groups. Diabetic group followed by D+M treated group also revealed significant increase in the early stages of glomerular development (vesicle, S-shaped, and comma shaped glomeruli) and marked decrease in the number of mature glomeruli (total, cortical and Juxtaglomerular) with an increase in ratio between the immature and mature glomeruli compared to other groups.

Moreover, D+I treated group showed significant decrease in the total and cortical immature glomeruli and significant increased number of immature glomeruli of the juxtaglomerular zone compared to the diabetic group. They also revealed significant decrease in the number of early glomerular stages and significant increase in the number of capillary loop glomerular stage and mature glomeruli (total, cortical, and juxtaglomerular) compared to diabetic group, with a decrease in the immature/mature glomerular ratio.

Furthermore, D+I+M treated group revealed significantly decreased number of total and cortical immature glomeruli compared to diabetic and D+M treated groups. D+I+M treated group also showed significant decrease in the immature forms and significant increase in the number mature glomeruli (total, cortical, and juxtaglomerular) compared to other diabetic groups with a decrease in the immature/mature glomerular ratio to the closest value to the control group ([Table 5](#T5){ref-type="table"}).

Histopathological results
-------------------------

### Control group

H&E-stained sections of the fetal kidneys in control group (negative and positive subgroups) showed clearly defined cortex and medulla. The cortex consisted of immature and mature renal corpuscles, along with the convoluted tubules. The immature renal corpuscles showed different stages of development: Vesicle stage, early S-shape, or comma shape stage, late S-shape stage and capillary loop stage. The mature renal corpuscle is a rounded structure, composed of a tuft of glomerular capillaries, which is invaginated into the Bowman\'s capsule and separated from it by Bowman\'s space (corpuscular space). The convoluted tubules are differentiated into proximal and distal convoluted tubules. The proximal convoluted tubules composed of simple cuboidal epithelial cells with eosinophilic and granular cytoplasm. The distal convoluted tubules have wide lumina and lined with low cuboidal epithelium with pale granular cytoplasm ([Fig. 2](#F2){ref-type="fig"}). Examination of PAS stained sections revealed positive PAS stain in the glomeruli, Bowman\'s capsule, basement membrane and the brush border of the proximal convoluted tubules ([Fig. 3](#F3){ref-type="fig"}). Toluidine blue-stained sections showed mature, immature renal corpuscles with different stages of glomerular development and convoluted tubules. The mature renal corpuscle is composed of a tuft of glomerular capillaries surrounded by flat podocytes and mesangial cells and invaginated into the Bowman\'s capsule ([Fig. 4](#F4){ref-type="fig"}).

The ultrastructure of fetal kidneys in control group (negative and positive subgroups) showed glomerular capillaries, lined with endothelial cells forming fenestrated endothelial layer and rested on a basement membrane. The glomerular capillaries were surrounded by flat podocytes with foot processes. The basement membrane is a relatively homogeneous layer. A thin peripheral layer of endothelial cytoplasm is located between the basement membrane and the capillary lumen that showing characteristic interruptions ([Fig. 5](#F5){ref-type="fig"}). The epithelial lining of proximal convoluted tubules revealed intact brush border with closely packed, long and regularly shaped microvilli. Cytoplasm contains plenty of mitochondria, apical pinocytic vesicles, and lysosomes. The nucleus is basal, round to oval and contains euchromatic chromatin. The basement membrane is homogeneous and intact ([Fig. 6](#F6){ref-type="fig"}). Distal convoluted tubule epithelial cells showed apical rounded and euchromatic nuclei and short blunt microvilli. Cytoplasm revealed plenty of mitochondria that chiefly located in the basal region of the cell ([Fig. 7](#F7){ref-type="fig"}).

### Metformin treated group

Histological examination of the foetal kidneys H&E, PAS, and Toluidine blue stained sections showed the same findings as control group without any changes or abnormalities.

Ultrastructure of foetal kidneys showed the same findings as control group.

### Diabetic group

H&E stained sections revealed glomerular changes including shrunken and empty glomeruli, increased corpuscular space, marked vacuolar degeneration, pyknotic nuclei, and haemorrhage. Proximal and distal convoluted tubules showed degeneration of epithelial cell lining, pyknotic nuclei, vacuolation, and shedding of the brush border proximal convoluted tubules ([Fig. 2](#F2){ref-type="fig"}). Examination of PAS stained sections revealed faint reactions in most of the Bowman\'s capsules and renal tubules ([Fig. 3](#F3){ref-type="fig"}). Toluidine blue stained sections revealed loss in the normal architecture of the cortex, early immature stages of glomerular development and glomerular changes including shrunken and empty glomeruli, marked vacuolar degeneration and haemorrhage. Proximal and distal convoluted tubules also showed marked vacuolar degeneration of epithelial cell lining ([Fig. 4](#F4){ref-type="fig"}).

The electron microscopic examination of the renal glomerulus revealed areas of thinned glomerular filtration barrier and absence of fenestrations of the endothelial layer and other areas showed thickened lamina densa part of glomerular filtration barrier. Podocytes shows areas of complete loss of foot processes, areas of effacement and widening of foot processes and faint and chromatin clumping in the nuclei. Moreover, there is a reduction of mesangial tissue around the filtration barrier and vacuolations ([Fig. 5](#F5){ref-type="fig"}). The proximal convoluted tubule epithelial cell lining revealed irregular nuclei with ill-defined nuclear envelope and chromatin condensation. Moreover, the brush border showed apical sticky and profoundly thin microvilli with areas of total loss and most of mitochondria are swollen and showed disrupted of cristae. Furthermore, tubal lumina are obliterated with exudate. There are apoptotic bodies, lysosomes and pinocytotic vesicles ([Fig. 6](#F6){ref-type="fig"}). The distal convoluted tubule epithelial cells show chromatin condensation, swollen disrupted cristae of mitochondria, apoptotic bodies, lysosomes, and pinocytotic vesicles and obliterated lumen with exudate ([Fig. 7](#F7){ref-type="fig"}).

### Diabetic plus insulin-treated group

Light microscopic examination of H&E-stained sections revealed that most of sections showed intact and mature renal corpuscles, proximal and distal convoluted tubules. Few areas showed vacuolation, pyknotic nuclei, shrunken glomerulus, increased corpuscular space, and degenerated proximal and distal convoluted tubules ([Fig. 2](#F2){ref-type="fig"}). Most of PAS stained sections revealed positive reaction in the glomeruli, Bowman\'s capsule, basement membrane of tubules and brush border of the proximal convoluted tubules and few areas showed faint reaction ([Fig. 3](#F3){ref-type="fig"}). Most of toluidine blue stained sections revealed intact and mature renal corpuscles, proximal and distal convoluted tubules with the presence of few areas of vacuolations, hemorrhage and degenerated proximal and distal convoluted tubules ([Fig. 4](#F4){ref-type="fig"})

Ultrastructure of most of the glomeruli showed intact podocytes and capillary endothelial cells. Glomerular basement membrane showed homogeneity and normal thickness. Few glomerular areas revealed thickening in endothelial part of the glomerular basement membrane and widening and effacement of foot processes of podocytes ([Fig. 5](#F5){ref-type="fig"}). Convoluted tubule epithelial cells showed intact organelles and apical long microvilli with the presence of few areas of microvilli loss, swollen and disrupted mitochondria with disruption of cristae and nuclei with chromatin condensation ([Figs. 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).

### Diabetic plus metformin-treated group

H&E-stained sections revealed increased early immature forms of renal corpuscles, the presence of shrunken and empty glomeruli, congested glomerular capillaries, increased corpuscular space, haemorrhage, vacuolation and degenerated renal tubules. Few renal corpuscles showed mature glomeruli and preserved renal space ([Fig. 2](#F2){ref-type="fig"}). Most of PAS stained sections showed positive reaction with the presence of some scattered areas of faint PAS reaction ([Fig. 3](#F3){ref-type="fig"}). Toluidine blue stained sections revealed increased immature forms of glomerular development, shrunken and empty glomeruli, congested glomerular capillaries, increased corpuscular space, haemorrhage, vacuolations and degenerated renal tubules and brush border loss ([Fig. 4](#F4){ref-type="fig"}).

Ultrastructure of glomeruli revealed the presence of areas of thick glomerular basement membrane, nuclear changes of podocytes in the form of chromatin condensation and ill-defined nuclear envelope. Podocytes also showed wide and short foot process. The capillary endothelial cells revealed nuclear chromatin condensation ([Fig. 5](#F5){ref-type="fig"}). Moreover, convoluted tubule epithelial cells showed profoundly thin and sloughed microvilli, oedematous mitochondria, plenty of lysosomes, chromatin condensation in nuclei and the presence of apoptotic body ([Figs. 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).

### Diabetic plus insulin and metformin treated groupv

Most of H&E-stained sections of the fetal kidneys showed different forms of immature renal corpuscles, more maturation of glomeruli and intact proximal and distal tubules close to the features of control group, with the presence of few areas of degenerated tubular epithelial cells and glomeruli ([Fig. 2](#F2){ref-type="fig"}). Examination of PAS stained sections showed positive PAS reaction ([Fig. 3](#F3){ref-type="fig"}). Toluidine blue stained sections revealed intact glomeruli, proximal and distal tubules close to the features of control group, with the presence of scanty areas of degenerated tubular epithelial cells ([Fig. 4](#F4){ref-type="fig"}).

Ultrastructure of glomeruli in this group showed intact and homogenous glomerular basement membrane, intact podocytes, capillary endothelium, proximal and distal convoluted tubule epithelial cells close to the features of control group. Few cells showed chromatin condensation in their nuclei. Many pinocytic vesicles were also evident in the cytoplasm ([Figs. 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).

Discussion
==========

GDM outcomes present a serious and increasing global challenge. Babies born to hyperglycaemic women are at greater risk of foetal abnormalities. Diabetic embryopathy affects developing organs, including the urinary system, producing congenital renal malformations, which usually occur in early organogenesis, such as renal agenesis, hydronephrosis and ureteric abnormalities \[[@B22]\].

The diabetic group in the current study showed hyperglycemia from the time of the induction until GD20. Moreover, a decline in the RBS levels was also observed in diabetic plus insulin, diabetic plus metformin and diabetic plus insulin and metformin-treated groups with the best and closest value to the control in the diabetic plus insulin and metformin treated group followed by diabetic plus insulin treated group. These results were in agreement with the finding of a previous study reported that metformin decrease the hyperglycaemia through reducing glucose output from the liver and augmenting glucose uptake in the peripheral tissues \[[@B23]\].

Although mono therapy with an oral hypoglycaemic agent is often initially effective, glycaemic control deteriorates in most of the patients with high secondary failure rates which require the addition of a second agent \[[@B24]\]. Furthermore, a combination of metformin and insulin was reported to reduce HbA1c in patients sub-optimally controlled by diet and exercise and improve glycaemic control \[[@B25]\].

The present study also revealed significant increase in the number of post-implantation loss in the diabetic and diabetic plus metformin-treated groups. Diabetic plus insulin and diabetic plus insulin and metformin-treated groups showed significant decrease in the number of resorptions compared to other diabetic groups, with more improvement in the combination group. This result was in agreement with other studies; as they observed that uncontrolled GDM confer specific fetal risks include spontaneous abortion, increased perinatal mortality and preterm birth \[[@B26]\]. On the other hand, Singh et al. \[[@B27]\] observed absence of perinatal mortality among pregnant women with GDM treated with metformin in prospective non-randomized interventional study.

The current study revealed a significant increase in fetal and placental weight in diabetic group. Diabetic plus insulin, diabetic plus metformin and diabetic plus insulin and metformin-treated groups showed a significant decrease in the fetal and placental weight compared to the diabetic group, with the best improvement in combination group. These results are in accordance with previous studies that reported that GDM affect placental and fetal growth as Taricco et al. \[[@B28]\], they found an increase in the placental weight in GDM. Ornoy \[[@B29]\] mentioned that intrauterine growth restriction occurs primarily in the fetuses of severely diabetic mothers. The increased risk of accelerated growth and macrosomia is mainly due to the increased IR of the mother, high maternal glycaemia, plasma amino acid concentrations, and uptake of amino acids at the placental level; so the higher amount of glucose passes through the placenta into the foetal circulation and stored as fat causing macrosomia \[[@B30]\]. Moreover, insulin treatment was reported to be associated with increased risk of hypoglycemia and weight gain in GDM. While metformin exerts its clinical effect by both reducing hepatic glucose output, increasing glucose utilization and increasing insulin sensitivity, resulting in a decrease in glucose level without an associated high risk of either hypoglycemia or weight gain \[[@B31]\]. Accordingly, these results may explain the best foetal and placental weights in diabetic plus insulin and metformin-treated group in the current study.

Regarding the foetal kidney size in the present study, the kidney length and width were significantly increased in the diabetic group. Diabetic plus insulin and diabetic plus metformin-treated groups showed a reduction in the kidney size compared to diabetic group and the best results achieved in the combination group. This finding is in accordance with previous studies that reported the existence of renal hypertrophy and hyperfunction in DM clinically and experimentally. Maternal hyperglycaemia induce foetal hyperinsulinemia that lead to increased cellular glucose utilization, increased fat deposition and protein production, leading to overgrowth and increased cell size \[[@B32]\]. Other mechanisms involve some fibroblast growth factors and insulin-like growth factors, as their concentrations have been demonstrated to be high in GDM that are commonly associated with organomegally \[[@B33]\]. Moreover, it was concluded that the best glycaemic effect of combination of insulin and metformin protects the fetal kidney from the deleterious effects of GDM \[[@B14]\].

In the current study, the glomerular morphometric parameters in diabetic group revealed an increase in renal corpuscular diameters whereas; the glomerular diameters were significantly decreased indicating the occurrence of glomerular shrinkage with dilatation of the corpuscular space. Moreover, the tubular morphometric parameters in diabetic group showed increased tubular diameters due to dilatation of both proximal and distal convoluted tubules. Furthermore, all renal morphometric parameters showed mild improvement in the diabetic plus metformin treated group, moderated in the diabetic plus insulin treated group and marked improvement in the combination group.

Glomerular atrophy was reported to be a result of loss or inadequate circulation of nephrons, as the renal veins and arteries start to shrink leading to glomerular shrinkage \[[@B34]\]. Moreover, Dodd \[[@B35]\] mentioned that the initial tubular epithelial cell hypertrophy is considered "compensatory" and "adaptive" hypertrophy, in which the hypertrophic cells are arrested in the G1-phase of the cell cycle and increase protein and RNA content, but do not replicate their DNA.

Diabetic group in the current study also revealed retardation of glomerular development in the form of increased immature stages of glomeruli and consequently the immature/mature glomerular ratio. This result is an accordance with \[[@B36]\], they reported that DM can cause changes in the number of proliferating renal cells and also increased production of collagen and other extracellular matrix components. Alterations in extracellular matrix (ECM) composition will impair the nephrogenesis in pups of hyperglycemic mothers, as the ECM formation is a key event in renal cell differentiation and the severity of fetal changes depend on cell differentiation stage at the time that the mother develops GDM \[[@B37]\].

Furthermore, the mature renal corpuscles in the diabetic group in present study revealed shrunken and empty glomeruli with increased corpuscular space, vacuolar degeneration and hemorrhage. The convoluted tubules showed degeneration of epithelial cells, vacuolar degeneration and shedding of the brush border. These findings are in disagreement with Nobrega et al. \[[@B38]\], as they observed hypertrophy in the glomeruli, and narrowing in the Bowman\'s space in diabetic group. On the other hand, the results of Gonzalez Suarez et al. \[[@B39]\] and Zini et al. \[[@B40]\] were in accordance with those of the present study.

Previous studies explained the mechanism of occurrence of these histopathological alterations by the effects of STZ administration. The metabolism of the STZ molecule leads to the induction of unscheduled DNA synthesis and damage in kidney cells and radical oxygen species (ROS) \[[@B41]\].

Moreover, Floege et al. \[[@B42]\] reported that glomerular atrophy may result from the toxic effect of the free radicals on the mesangial cells and affect its function causing glomerular contraction, decreased the mesangial matrix secretion and further glomerular atrophy. Other study explained the glomerular changes by neutrophil activation as the first line responders in inflammation and ROS, proteases, cytokines, and chemokines \[[@B43]\].

Some authors observed that glycogen granules accumulation in about half of the distal tubules that associated with sustained hyperglycemia. The glycogen accumulation in the tubules was known to induce apoptosis of the tubular cells which led to a compensatory renal hypertrophy characterized by an increase in tubule diameter \[[@B40]\].

The ultrastructure of foetal kidneys in the diabetic group in this study revealed glomerular changes include vacuolation, thickened lamina densa, loss of foot processes and chromatin condensations in podocytes and reduction of mesangial tissue. They also showed changes in tubular epithelial cells, nuclear chromatin condensation, ill-defined nuclear envelope mitochondrial edema and destruction, apoptotic bodies and loss of brush border. These results are in agreement with Weil et al. \[[@B44]\]. Moreover, Kumar et al. \[[@B45]\] reported that hyperglycemia directly mediates apoptotic cell death which explains the chromatin condensation and the presence of apoptotic bodies in the epithelial cells of renal tubules in the present study. Furthermore, some authors reported that podocytes cultured under high-glucose conditions died via apoptosis as the release of mitochondrial and plasma membrane ROS played an important role in its damage. When podocytes are lost the remaining podocytes adapt to extend coverage over the newly denuded glomerular basement membrane (GBM) leading to podocyte hypertrophy \[[@B46]\].

Diabetic plus insulin treated group in the current study revealed increased glomerular maturity, intact mature renal corpuscles, proximal and distal convoluted tubules. Areas of vacuolation, shrunken glomeruli and degenerated tubules were still present. Moreover, the ultrastructure of most of the glomeruli and epithelial cells of renal tubules showed normal cytoplasmic organelles, nuclei and GBM, whereas, few places of thickened GBM, widening of podocyte foot processes, loss of microvilli, swollen mitochondria and chromatin condensation were observed.

Moreover, insulin was reported to play an important role in glomeruli-genesis through increasing the bioavailability of insulin-growth factor (IGF), overexpression of IGF-binding proteins, conditional transgene expression of IGF and increasing IGF2-receptor oligonucleotides \[[@B47][@B48]\]. These findings could explain the maturation and improvement of renal corpuscles and tubules in fetal kidneys of the diabetes plus insulin treated group in our study.

On the other hand, fetal kidneys of diabetic plus metformin treated group in the present study revealed delayed glomerular maturation in the form of increased early immature figures of glomeruli and decreased mature ones with increased immature/mature glomerular ratio. They also showed hemorrhage, vacuolations, shrunken and empty glomeruli, dilated corpuscular spaces, degenerated renal tubules. Few areas showed preservation of mature corpuscles and faint PAS reaction. The ultrastructure of fetal kidneys showed areas of glomerular changes such as thick GBM, chromatin condensation, ill-defined nuclear envelope and short foot process in podocytes. Tubular epithelial cells changes were found in the form of thin and sloughed brush border, oedematous mitochondria, plenty of lysosomes, chromatin condensation, ill-defined cell boundaries and the presence of apoptotic body. These results indicate that metformin did not ameliorate the effects of GDM on the fetal kidneys. Crowther et al. \[[@B49]\] were in disagreement with these results as they reported the absence of increased incidence of perinatal complications or congenital anomalies in patients treated with metformin compared with those received insulin.

Moreover, Moore et al. \[[@B50]\] concluded that women with GDM treated with metformin had improved neonatal outcomes compared with those treated with insulin. Morales et al. \[[@B51]\] found that metformin had a renal protective action and ameliorated gentamicin-induced renal tubular injury. Furthermore, some authors reported that metformin reduced diabetes-induced podocyte loss. Additionally, previous studies have recognized that metformin possesses antioxidant effects, to reduce apoptosis, in endothelial cells as well as inhibition of vascular endothelial cell dysfunction \[[@B52]\]. Finally, the beneficial action of this drug is known to be achieved through activation of adenosine monophosphate-activated protein kinase, that plays an important role in protecting cellular function and inhibition of mitochondrial respiratory chain \[[@B53]\]. Metformin was also reported to decrease the risk of neonatal hypoglycemia \[[@B54]\].

Munshi and Khandaker \[[@B55]\] compared the efficacy of metformin versus insulin in GDM patients and mentioned that insulin produce good glycemic control in 84% of patient whereas, metformin achieved euglycemic state in 72% of patients. This may explain the better results of diabetic plus insulin treated group when compared with diabetic plus metformin treated group in the present study.

Fetal kidneys in diabetic plus insulin and metformin-treated group in the current study showed improvement of maturation and structure of glomeruli and tubules, homogenous GBM and intact podocytes. Some authors concluded that the combination of insulin and metformin resulted in superior glycemic control and decreased insulin requirements. Moreover, previous studies reported that high insulin levels induce DNA damage and the combination of metformin with insulin protects kidneys from oxidative stress and genomic damage \[[@B14]\].

Conclusion
----------

The present study showed that STZ induced GDM adversely affects the pregnancy outcome and fetal kidney development and possess marked hazardous impact on fetal kidneys. Prenatal treatment with insulin improves the glycemic state, ameliorates and decreases the side effects of GDM on fetal kidneys. Treatment with metformin produces mild fetal kidneys protection. The combination of insulin and metformin produces the best glycemic control and reduced to greater extent the toxic effect of STZ induced GDM on the fetal kidneys. Further studies will be needed for assessing the mechanisms by which the combined treatment with insulin and metformin induce restoration and preservation of fetal kidney structure and development.

![Values of maternal random blood sugar throughout gestation in the studied groups. +ve, positive control; −ve, negative control.](acb-52-161-g001){#F1}

![Photomicrographs sections in the fetal kidney. (A) Control group showing the renal corpuscle with the parietal layer of Bowman\'s capsule (dashed arrow), mature glomerulus (G) and preserved corpuscular space (double head arrow), proximal (P) and distal (D) convoluted tubules. (B, C) Diabetic group showing shrunken glomerulus (G), increased renal corpuscular space (double head arrow), vacuolations (V), empty renal corpuscles (E), degenerated dilated tubules (T), shedding of brush border of proximal tubules (P), degenerated epithelium of distal tubule (D), hemorrhage (H) and pyknotic nuclei (K). (D) Diabetic plus insulin-treated group showing intact mature glomeruli (G) surrounded by Bowman\'s capsule (dashed arrow) with preserved corpuscular space (double head arrow), intact proximal (P) and distal tubules (D). Notice the presence of mildly shrunken glomerulus (G^\*^), pyknotic nuclei (K), increased corpuscular space (double head dashed arrow), degenerated proximal (P^\*^) and distal convoluted tubules (D^\*^) and areas of vacuolation (V). (E) Diabetic plus metformin-treated group showing shrunken mature glomerulus (G), increased renal corpuscular space (double head arrow), dilated and destructed renal tubules (T), and vacuolation (V). (F) Diabetic plus insulin and metformin-treated group showing intact glomeruli (G), Bowman\'s capsule (dashed arrow), and preserved corpuscular space (double head arrow), intact proximal (P) and distal (D) convoluted tubules. Notice the presence of areas of vacuolation in the glomerulus (V) and tubules (T) (H&E staining, ×400).](acb-52-161-g002){#F2}

![Periodic acid-Schiff stained sections in the fetal kidney. (A) Control group showing positive stain in the glomeruli (G), Bowman\'s capsule (arrowhead), basement membrane of renal tubules (arrow) and the brush border of proximal tubules (dashed arrow). (B) Diabetic group showing faint reaction in glomeruli (G), Bowman\'s capsules (arrowheads), basement membrane (dashed arrows) and brush border of the proximal convoluted tubules (arrows). (C) Diabetic plus insulin treated group showing positive reaction in the glomeruli (G), Bowman\'s capsule (arrowheads), basement membrane of renal tubules (arrow) and the brush border of proximal tubules (dashed arrow). Notice the presence of areas of negative reaction (stars). (D) Diabetic plus metformin treated group showing areas of faint reaction in the tubular basement membrane (arrow) and glomerulus (dashed arrow) with the presence of positive reaction in other glomerulus (G) and Bowman\'s capsule (arrowhead). (E) Diabetic plus insulin and metformin treated group showing positive reaction in the glomerulus (G), Bowman\'s capsule (arrowhead), basement membrane of renal tubules (arrows) and the brush border of proximal tubules (dashed arrows) (periodic acid-Schiff, ×400).](acb-52-161-g003){#F3}

![Photomicrographs of Toluidine blue stained sections in the fetal kidney. (A--C) Control group showing vesicle (V), S-shaped (S), commashaped (Co), and capillary loop (CL) stages of glomerular development. (D) Control group showing mature glomerulus (G) with the parietal layer of Bowman\'s capsule (BC), podocyte (Pd), mesangial cells (M), proximal convoluted tubules (P) and distal (D) convoluted tubules. (E) Diabetic group showing, loss in the normal architecture of the cortex, immature glomerulus (vesicular stage) (G) and marked vacuolations (V) within the glomerulus and tubules. (F) Diabetic plus insulin-treated group showing intact mature glomerulus (G), proximal (P) and distal (D) convoluted tubules. Notice small area of hemorrhage (H) and vacuolation (arrow). (G) Diabetic plus metformin-treated group showing shrunken glomerulus (G), wide Bowman\'s space (BS), and areas of hemorrhage (H). Notice degenerated tubules (T). (H) Diabetic plus insulin and metformin-treated group showing intact mature renal glomerulus (G), Bowman\'s capsule (BC), podocyte (Pd), proximal (P) and distal (D) convoluted tubules (toluidine blue, ×1,000).](acb-52-161-g004){#F4}

![Electron photomicrographs in fetal rat glomerulus. (A) Control group showing glomerular capillary lumen (L) lined with endothelial cell with euchromatic nucleus (N) and forming a thin fenestrated layer of cytoplasm (EN) lining the basement membrane (BM) internally. The capillary surrounded with intact podocyte (P) with foot processes (FP). Uranyl acetate and lead citrate (×10,000). (B) Diabetic group showing glomerular capillary lumen (L) with thinned glomerular filtration barrier (BM) and red blood cell (RBC), absence of fenestrations of endothelial layer (EN), vacuolations (V), podocytes with loss of foot processes (P) and chromatin clumping (N). Uranyl acetate and lead citrate, ×5,000. (C) Diabetic group showing glomerular capillary lumen (L) with a thickened glomerular basement membrane (BM) and area of absence of EN and surrounded by podocyte (P) with short foot process effacement and widening (FP). Uranyl acetated and lead citrate, ×8,000. (D) Diabetic plus insulin-treated group showing capillary endothelial cell (E) with euchromatic nucleus (N), podocyte (P) with intact foot processes (arrowheads) and homogeneous glomerular basement membrane with normal thickness (white arrow). Other areas of thickened glomerular basement membrane (BM) and marked widening and effacement of foot processes (FP). Uranyl acetate and lead citrate, ×15,000. (E) Diabetic plus metformin-treated group showing area of thick glomerular basement membrane (BM) and chromatin condensation (Cn) in nuclei of capillary endothelial cell (EN) and podocytes (P). Notice the presence of ill-defined nuclear envelop (dashed arrow) and foot process with effacement and widening (FP). Uranyl acetate and lead citrate, ×8,000. (F) diabetic plus insulin and metformin-treated group showing glomerular capillary lumen (L), intact glomerular basement membrane (BM), podocytes (P) with narrow and short foot processes (FP), thin layer of cytoplasmic endothelium with characteristic interruptions (dashed arrow). Uranyl acetate and lead citrate, ×12,000.](acb-52-161-g005){#F5}

![Electron photomicrographs in the proximal convoluted tubule epithelial cells of fetal rat kidney. (A) Control group showing basal euochromatic nucleus (N), apical brush border with closely packed microvilli (MV), pinocytic vesicles (V), lysosome (L), plenty of mitochondria (M) and basement membrane (BM). Uranyl acetate and lead citrate, ×8,000. (B) Diabetic group showing irregular shaped nucleus (N), ill-defined and irregular nuclear envelope (white arrow), chromatin condensation (Cn), apical sticky and profoundly thin microvilli (MV) with areas of total loss of brush border (dashed arrow), swollen mitochondria with disruption of cristae (M) and apoptotic body (star). Notice presence of pinocytotic vesicles (V), and the lumen filled with exudate (E). Uranyl acetate and lead citrate, ×6,000. (C) Diabetic plus insulin treated group showing closely packed apical long microvilli (MV), euochromatic nucleus (N) and plenty of mitochondria (M). Notice the presence of areas with microvilli loss (^\*^), vesicles (V), and nucleus with chromatin condensation (Cn). Uranyl acetate and lead citrate, ×5,000. (D) Diabetic plus metformin treated group showing plenty of lysosomes (L), edematous mitochondria (M), nucleus with chromatin condensation (Cn), apoptotic body (star) and apical profoundly thin and sloughed microvilli (MV). Uranyl acetate and lead citrate, ×8,000. (E) Diabetic plus insulin and metformin-treated group showing closely packed apical microvilli (MV), pinocytic vesicles (V), lysosomes (L), euchromatic nucleus (N), plenty of mitochondria (M) and intact basement membrane (BM). Uranyl acetate and lead citrate, ×8,000.](acb-52-161-g006){#F6}

![Electron photomicrographs in the distal convoluted tubule epithelial cells of fetal rat kidney. (A) Control group showing with blunt microvilli (MV), rounded euchromatic nucleus (N) and plenty of mitochondria (M). Uranyl acetate and lead citrate, ×15,000. (B) Diabetic group showing lumen obliteration with exudate (E), few microvilli (MV), swollen and disrupted mitochondria (M), pinocytotic vesicles (V), apoptotic body (star) and nuclei with chromatin condensation (Cn). Uranyl acetate and lead citrate, ×8,000. (C) Diabetic plus insulin-treated group showing short apical microvilli (MV), euchromatic nucleus (N) while other nucleus showed chromatin condensation (Cn), swollen and disrupted mitochondria (M). Uranyl acetate and lead citrate, ×8,000. (D) Diabetic plus metformin-treated group showing ill-defined cell boundaries, swollen mitochondria (M) and destructed and ruptured nucleus (N). Uranyl acetate and lead citrate, ×8,000. (E) Diabetic plus insulin and metformin-treated group showing small microvilli (MV), euchromatic rounded nucleus (N) with chromatin condensation (Cn) and intact mitochondria (M). Uranyl acetate and lead citrate, ×8,000.](acb-52-161-g007){#F7}

###### Frequency of embryolethality in studied groups

![](acb-52-161-i001)

  Group                        Live fetuses (%)   Dead fetuses (%)
  ---------------------------- ------------------ ------------------
  Control                                         
   C-ve                        100                0
   C+ve                        100                0
  Metformin                    100                0
  Diabetic                     30.8               10.7
  Diabetic+insulin             66.7               0
  Diabetic+metformin           40.4               0
  Diabetic+insulin+metformin   90.5               0

Chi-square test. C+ve, positive control; C−ve, negative control. ^a)^*P*\<0.05 compared to control groups. ^b)^*P*\<0.05 compared to Metformin treated group. ^c)^*P*\<0.05 compared to diabetic group. ^d)^*P*\<0.05 compared to diabetic plus insulin treated group. ^e)^*P*\<0.05 compared to diabetic plus metformin treated group.

###### Changes in fetal body and placental weights in all studied groups

![](acb-52-161-i002)

  Group                        Fetal weight (g)            Placental weight (g)
  ---------------------------- --------------------------- ---------------------------
  Control                                                  
   C-ve                        3.19±0.12                   0.48±0.08
   C+ve                        3.18±0.11                   0.49±0.03
  Metformin treated            3.24±0.12                   0.51±0.08
  Diabetic                     4.95±0.14^a),b),d),e),f)^   0.78±0.08^a),b),d),e),f)^
  Diabetic+insulin             4.39±0.16^a),b),c),e),f)^   0.67±0.09^a),b),c),e)^
  Diabetic+metformin           4.04±0.14^a),b),c),d),f)^   0.6±0.09^a),c)^
  Diabetic+insulin+metformin   3.49±0.16^a),b),c),d),e)^   0.57±0.08^c),d)^

Values are presented as mean±SD. ANOVA *post hoc* test. C+ve, positive control; C−ve, negative control. ^a)^*P*\<0.05 compared to control groups. ^b)^*P*\<0.05 compared to metformin treated group. ^c)^*P*\<0.05 compared to diabetic group. ^d)^*P*\<0.05 compared to diabetic plus insulin treated group. ^e)^*P*\<0.05 compared to diabetic plus metformin treated group. ^f)^*P*\<0.05 compared to diabetic plus insulin and metformin treated group.

###### Length and width of fetal kidneys in all studied groups

![](acb-52-161-i003)

  Group                        Fetal kidney length (mm)    Fetal kidney width (mm)
  ---------------------------- --------------------------- ---------------------------
  Control                                                  
   C-ve                        3.25±0.01                   2.2±0.08
   C+ve                        3.25±0.04                   2.19±0.01
  Metformin treated            3.26±0.01                   2.08±0.01
  Diabetic                     3.49±0.02^a),b),d),e),f)^   2.36±0.05^a),b),d),e),f)^
  Diabetic+insulin             3.31±0.04^a),b),c),f)^      2.17±0.07^b),c),e),f)^
  Diabetic+metformin           3.42±0.03^a),b),d),f)^      2.29±0.02^a),b),c),d),f)^
  Diabetic+insulin+metformin   3.28±0.02^c),d),e)^         2.09±0.0^a),b),c),e)^

Values are presented as mean±SD. ANOVA *post hoc* test. C+ve, positive control; C−ve, negative control. ^a)^*P*\<0.05 compared to control groups. ^b)^*P*\<0.05 compared to metformin treated group. ^c)^*P*\<0.05 compared to diabetic group. ^d)^*P*\<0.05 compared to diabetic plus insulin treated group. ^e)^*P*\<0.05 compared to diabetic plus metformin treated group. ^f)^*P*\<0.05 compared to diabetic plus insulin and metformin treated group.

###### Morphometric parameters of fetal kidneys

![](acb-52-161-i004)

  Group                        Cortical thickness (µm)         Corpuscular diameter (µm)    Glomerular diameter (µm)     PCT diameter (µm)         DCT diameter (µm)
  ---------------------------- ------------------------------- ---------------------------- ---------------------------- ------------------------- ----------------------------
  Control                                                                                                                                          
   C-ve                        675.34±53.91                    55.75±2.13                   37.43±2.1                    17.43±1.61                17.07±1.36
   C+ve                        674.51±51.31                    54.28±2.07                   37.03±1.9                    17±1.21                   18.11±1.61
  Metformin                    676.85±45.05                    56.34±1.72                   37.09±2.27                   18±1.23                   18.94±0.97
  Diabetic                     1412.97±121.5^a),b),d),e),f)^   81.19±3.22^a),b),d),e),f)^   20.61±2.23^a),b,)d),e)^      36.16±6.76^a),b),e)^      36.49±4.31^a),b),d),e),f)^
  Diabetic+insulin             947.57±46.76^a),b),c),e),f)^    61.09±7.4^c),f)^             31±1.24^a),b),c),e),f)^      28.2±6.4^a),b),e)^        26.53±6.18^a),b),c),e)^
  Diabetic+metformin           1269.89±66.38^a),b),c),d),f)^   71.19±1.87^a),b),c),d),f)^   21.11±2.37^a),b),c),d),f)^   31.24±2.31^a),b),f)^      30.13±1.18^a),b),c),f)^
  Diabetic+insulin+metformin   869.45±29.99^a),b),c),d),e)^    57.52±2.64^c),e)^            36.53±1.43^a),c),d),e)^      20.71±2^a),b),c),d),e)^   19.05±1.84^c),d),e)^

Values are presented as mean±SD. ANOVA *post hoc* test. PCT, proximal convoluted tubule; DCT, distal convoluted tubule; C+ve, positive control; C−ve, negative control. ^a)^*P*\<0.05 compared to control groups. ^b)^*P*\<0.05 compared to metformin treated group. ^c)^*P*\<0.05 compared to diabetic group. ^d)^*P*\<0.05 compared to diabetic plus insulin treated group. ^e)^*P*\<0.05 compared to diabetic plus metformin treated group. ^f)^*P*\<0.05 compared to diabetic plus insulin and metformin treated group.

###### Number of immature and mature glomeruli in the studied groups

![](acb-52-161-i005)

  Group                        No. of immature glomeruli   No. of immature glomerular stages   No. of mature glomeruli   Immature/mature glomerular ratio                                                                                                                                        
  ---------------------------- --------------------------- ----------------------------------- ------------------------- ---------------------------------- -------------------- -------------------- -------------------- -------------------------- --------------------- -------------------- -----
  Control                                                                                                                                                                                                                                                                                        
   C+ve                        44.4±13                     31.8±10                             12.6±9.7                  12±4.7                             8.2±3                11.6±2.6             12.6±9.7             68.4±3.8                   33.1±1.8              35.3±2.0             0.6
   C-ve                        45.0±11                     32.6±9                              12.4±3.8                  12±3.2                             8.9±2.2              11.7±2.8             12.4±3.8             67.9±4.4                   31.4±2.1              36.5±2.2             0.7
  Metformin                    47.6±7.3                    33.6±6.1                            14±3.4                    11.2±3.4                           10.2±2.4             12.2±1.3             14±3.4               63.2±5.8                   29±3.5                34.2±5.3             0.7
  Diabetic                     86.8±19^a),b)^              76±18.4^a),b)^                      10.8±4.5                  26.2±10.9^a),b)^                   21.8±6.6^a),b)^      28±3.4^a),b)^        10.8±4.5             13.6±2.7^a),b)^            4.2±1.9a),b)          9.4±0.8^a),b)^       6.4
  Diabetic+insulin             59.6±2.7^c)^                34.8±1.7^c)^                        24.8±2.2^a),b),c),e)^     8.8±3.6^c)^                        9.4±4.2^c)^          16.6±3.6^a),b),c)^   24.8±2.2^a),b),c)^   40.4±7.2^a),b),c)^         20±3.9a),b),c)        20.4±3.3^a),b),c)^   1.5
  Diabetic+metformin           72.4±10.4^a),b)^            59.4±8.2^a),b)^                     13±7.3                    25.4±10.1^a),b),d)^                18.6±1.9^a),b),d)^   15.4±3.2^c)^         13±7.3^d)^           24.8±2.8^a),b),c),d)^      7.5±1.8a),b),d)       17.3±1.0^a),b).c)^   3.0
  Diabetic+insulin+metformin   54.2±3.3^c),e)^             39.8±2.8^c),e)^                     14.4±3.9^d)^              12.6±4.4^c),e)^                    15.2±0.8             12±3.4^c)^           14.4±3.9             51.2±7.4^a),b),c),d),e)^   21.2±4.1a),b),c),e)   30±3.3^c),d),e)^     1.1

Values are presented as mean±SD. ANOVA *post hoc* test. C+ve, positive control; C−ve, negative control. ^a)^*P*\<0.05 compared to control groups. ^b)^*P*\<0.05 compared to Metformin treated group. ^c)^*P*\<0.05 compared to diabetic group. ^d)^*P*\<0.05 compared to diabetic plus insulin treated group. ^e)^*P*\<0.05 compared to diabetic plus metformin treated group.
